Introduction
Rust diseases caused by pathogenic fungi of the order Pucciniales (equivalent to Uredinales) are amongst the most common and notorious fungal diseases afflicting a wide range of vascular plants from ferns to advanced monocots and dicots. The rust fungi are a monophyletic group composed of more than 120 genera and 6000 species in the highly diverse phylum of Basidiomycota (Duplessis et al., 2011) . They are globally distributed and cause diseases in many economically important plant species including cereals, legumes, ornamentals and fruit trees, posing a serious threat to cropping systems and global food security. Rust fungi are highly specialized, obligate biotrophs, obtaining nutrients from living plant tissues and depend on their hosts for reproduction and completion of life cycles. These life cycles are the most complex for macrocyclic heteroecious rusts, featuring a complete suite of five distinct spore types and requiring two hosts for completion of the cycle (Kolmer et al., 2009) , while autoecious rusts complete their life cycle on the same host species.
The rust diseases of woody plants of economic importance include white pine blister rust caused by Cronartium ribicola affecting five-needle pines, western gall rust caused by Endocronartium harknessii infecting two-and three-needle pines, e.g. Pinus radiata, fusiform rust caused by Cronartium quercuum f. sp. fusiforme with infection of slash and loblolly pines, poplar rusts caused by Melampsora medusae, M. larici-populina and their interspecific hybrid M. medusae-populina on poplars, destructive coffee rust caused by Hemileia vastatrix infection, soybean rust caused by Phakopsora pachyrhizi (aggressive pathogen) and Phakopsora meibomiae (mild pathogen) affecting soybean and legumes, and devastating cedar-apple rust caused by Gymnosporangium juniperi-virginianae on juniper and rosaceous species (Agrios, 2005; Newcombe & Dugan, 2010) . Some of these rust fungi cause premature defoliation that reduces the photosynthetic capacity of plants, while the others cause decreased productivity, fruit infection, formation of swollen canker and death of infected tissues, leading to significant economic losses and potential food security threats. The current understanding of rusts, however, is mostly derived from studies of species infecting cereals, such as the rust diseases of wheat including Puccinia graminis f. sp. tritici, Puccinia triticina and Puccinia striiformis f. sp. tritici, for the obvious reason of their critical importance for the food supply (Kiran et al., 2016) .
In Australia, the incursion of myrtle rust caused by Austropuccinia psidii (Beenken, 2017) , previously reported as Puccinia psidii sensu lato or Uredo rangelii, has posed a serious biosecurity threat to the country's biodiversity and plant industries (e.g. forestry, essential oils, nursery and cut flower) due to a strong reliance on the Myrtaceae (Carnegie et al., 2010 (Carnegie et al., , 2016 Carnegie & Pegg, 2018) . The pathogen was first described from common guava (Psidium guajava) in Brazil and is believed to be native to South and Central America (Coutinho et al., 1998; Glen et al., 2007) . Austropuccinia psidii gained notoriety and became particularly prominent following severe damage to exotic Eucalyptus plantations in Brazil (Ferreira, 1989) and has rapidly expanded its global distribution over the past decades to the United States (Florida, Hawaii and California), Japan, Australia, China, South Africa, New Caledonia, and, more recently, to Indonesia, Singapore, New Zealand and Colombia, with its timeline of invasion events reviewed by Carnegie & Pegg (2018) .
The pathogen was identified for the first time in Australia in April 2010 on Agonis flexuosa 'Afterdark', Callistemon viminalis and Syncarpia glomulifera in a cut flower business on the central coast of New South Wales (Carnegie et al., 2010) . Since detection, the rust has spread rapidly throughout natural ecosystems along the east coast of Australia from New South Wales to north Queensland (Carnegie & Lidbetter, 2012; Pegg et al., 2014) and has become established, although to a limited extent, in Victoria, Tasmania and the Northern Territory (Berthon et al., 2018) . Austropuccinia psidii has a wide host range with global reported infections on over 445 species in 73 genera of Myrtaceae following both natural infection and artificial inoculation (Carnegie & Lidbetter, 2012; Carnegie & Giblin, 2014; Pegg et al., 2014) , making it one of only a small number of rust fungi (such as P. graminis and P. pachyrhizi) that infect numerous host genera (Bettgenhaeuser et al., 2014; McTaggart et al., 2016) .
The arrival of A. psidii in Australia, home to over 2250 species of Myrtaceae (Makinson & Conn, 2014) , resulted in exposure of a large number of na€ ıve hosts to the pathogen and rapid expansion of its host range. Since its first detection, there are now 232 hosts of A. psidii in Australia known to have been naturally infected and 115 hosts recorded following artificial inoculation (Carnegie & Lidbetter, 2012; Carnegie & Giblin, 2014; Carnegie & Pegg, 2018) , with rust responses within host species ranging from resistant to highly susceptible (Morin et al., 2012; Sandhu & Park, 2013; Pegg et al., 2014) . The wide and expanding host range of this invasive pathogen has global implications for commercial production of plantation forests relying on eucalypts and is already affecting plant communities and associated ecosystems, with potential for greater long-term impact in Australian environments dominated by Myrtaceae (Carnegie et al., 2016; Carnegie & Pegg, 2018) .
The aim of this study was to determine the process of infection and colonization by A. psidii on two commercially and ecologically important Eucalyptus species, i.e. Eucalyptus globulus subsp. globulus (hereafter referred to as E. globulus) and Eucalyptus obliqua, using scanning electron microscopy (SEM) and histopathology. Here, the ontogeny and morphology of infection structures is described on both hosts in genotypes with known different disease response phenotypes i.e. completely resistant, hypersensitive and highly susceptible. In addition, the mode of resistance and/or constraints to disease initiation in resistant phenotypes is identified. Results of this study add to the fundamental understanding of interactions between host and pathogen in the Eucalyptus-A. psidii pathosystem, which will hopefully assist in the development of new and more effective disease control strategies in Eucalyptus-related industries and provide more precisely defined phenotypic classes for use in genetic association studies.
Materials and methods

Plant material
One hundred and twenty-two E. globulus and 87 E. obliqua seedlings comprising known A. psidii resistant, hypersensitive and susceptible phenotypic classes were obtained from a rust phenotypic screening trial for examination of the rust infection process on Eucalyptus leaves. After initial rust inoculation and phenotypic/disease severity assessment, seedlings were pruned and rust infected twigs and branches were cut to allow for regeneration and new shoot growth. Rust sanitized seedlings continued to grow in pots filled with a mixture of fine bark and coarse sand, and were fertilized using granular urea (Incitec Pivot w/w 46% nitrogen, 50 g per 10 L of water per 200 pots) at monthly intervals. Seedlings were kept in naturally lit and rust-free microclimate rooms maintained at 22 AE 2°C at the Plant Breeding Institute (PBI) of the University of Sydney, Cobbitty for 8 weeks prior to the second inoculation and leaf sampling.
Fungal isolate and preparation of inoculum
A standard culture of A. psidii isolate Au_3 with accession number 115012 was established from a single pustule and used for all germplasm testing at PBI (Sandhu & Park, 2013) . The isolate Plant Pathology (2019) 68, 547-556 was collected from infected A. flexuosa in Leonay, New South Wales in 2011 and multiplied on the highly susceptible host plant Syzygium jambos for increasing rust inoculum. The increased isolates were preserved in liquid nitrogen and maintained as standard culture (PBI collection rust culture no. 622) for artificial rust inoculation. The rust inoculum was prepared with a concentration of 2 mg urediniospores suspended in 1 mL light mineral oil (Univar Solvent L Naphtha 100; Univar Australia Pty Ltd) and 0.05% Tween 20 (Sigma) as a surfactant prior to inoculation.
Rust inoculation and incubation
Eucalyptus globulus and E. obliqua seedlings were inoculated by spraying with a fine mist of inoculum containing fresh urediniospores of A. psidii (prepared as described above) on their adaxial and abaxial leaf surfaces (Sandhu & Park, 2013) . The fine mist sprayer was attached to a motorized compressor to atomize the rust suspension in an accredited inoculation chamber. The highly susceptible S. jambos with young and actively growing leaves was used as a susceptible control. The chamber door was kept closed for 5 min after inoculation to allow for complete settling of urediniospores on leaf surfaces. Inoculated seedlings were then transferred to a dark room for incubation at 20°C and greater than 95% relative humidity. Following 24 h of incubation, seedlings were returned to the microclimate rooms for time course sampling.
Carborundum wounding treatment
In a separate experiment, carborundum powder (silicon carbide, 400 mesh particle size; Sigma) was sprinkled uniformly and thinly on one of the leaves (adaxial and abaxial surfaces) of all the known resistant seedlings and rubbed gently to create artificial wounding of the cuticle prior to rust inoculation. Abrasive carborundum (400-600 mesh) is commonly used for active transmission of virus particles into plant cells as it creates microwounds on the leaf surface without causing excessive damage to plant tissues during mechanical inoculation, increasing the efficiency of infection.
Phenotypic assessment
Assessment of disease severity was based on the rust scoring method developed by Sandhu & Park (2013) . A disease scale with the following ratings was used to measure the rust response of inoculated plants at 14 days after inoculation (dai): 0 = no visible sign of infection; 1 = presence of mild hypersensitive reaction with highly restricted pustule, fleck and necrosis; 2 = hypersensitive reaction with restricted pustule, chlorosis and necrosis; 3 = small-to medium-sized pustules in low frequency and maybe presence of chlorosis; 4 = fully developed pustules on leaves in medium to high frequency; 5 = abundance of fully developed pustules on leaves, twigs and buds. Above ratings resulted in six classes of disease severity and three categories of rust response (numeric score 0 = resistant; 1-2 = hypersensitive; and 3-5 = susceptible) for analysis.
Time course sampling and fixation
Of the 209 seedlings obtained from the trial (see above), 38 E. globulus consisting of 16 rust-resistant, 11 hypersensitive (with fleck, necrosis or chlorosis) and 11 susceptible phenotypes, and 30 E. obliqua consisting of 11 resistant, 9 hypersensitive and 10 susceptible phenotypes were randomly sampled for microscopic study. Inoculated seedlings were sampled according to their respective known phenotypes over defined time intervals at 6, 12, 24, 48, 72, 96 and 120 h after inoculation (hai). Three replicates of a young whole leaf (any but not all of the first expanded four leaves from the tip, and not the new leaves that expanded after rust inoculation) were collected randomly from each phenotype but different seedlings at each time point and fixed immediately in FAA fixative composed of 10% formalin, 5% acetic acid, 50% ethanol and 35% sterile water. The inoculated seedlings were retained in the microclimate rooms until 14 dai for a second disease assessment to confirm their phenotypes and only leaf samples collected from plants with confirmed rust response phenotypes were used in the subsequent microscopic study.
Scanning electron microscopy
Leaf sections 36 mm 2 (6 9 6 mm) in size were excised from the FAA fixed samples (two pieces per sample for observation of adaxial and abaxial surfaces) and rinsed three times in water for 30 min each, before being dehydrated in increasing concentrations (10%, 30%, 50%, 70%, 90% and twice with 100%) of anhydrous ethanol for 30 min each. Dehydrated leaf samples were subjected to critical point drying in a Balzers CPD 010 and mounted onto 12.5 mm aluminium stubs with double-sided carbon tabs. Dried samples were then gold-coated in a Dynavac Xenosput sputter coater and observed using a Fei Quanta cryoscanning electron microscope (SEM) operating at 10 kV and working distance of 10 mm. SEM images were captured under an Everhart Thornley detector (ETD) controlled by XT v. 2.4 microscope server/control software (Fei Company).
Reinoculation of rusts and sampling for histopathology
The previously sampled 38 E. globulus and 30 E. obliqua seedlings were reserved for a third rust inoculation after they were heavily pruned to remove any residual rust and maintained in microclimate rooms to allow for regrowth. After 6 months of cultivation on fine bark and coarse sand mixtures (fertilized with granular urea on a monthly basis), a final rust inoculation was performed on these plants according to the procedures described above. Three actively growing young leaves were collected from each plant for resistant and susceptible phenotypes at 8, 9 and 10 dai for both Eucalyptus species. Samples were then fixed in FAA fixative. Inoculated plants were again kept in the same microclimate rooms until 14 dai for repeated disease assessment and phenotype confirmation.
Processing of tissue for histopathology, differential staining and light microscopy Leaf tissue sections of 1 cm 2 were cut from FAA fixed samples, dehydrated, embedded in paraffin blocks, sectioned to 7-8 lm thickness and placed on microscope slides (Bhuiyan et al., 2015) . Sections were stained using a quadruple stain (Johansen, 1940) Image processing and data analysis SEM micrographs were used to assess urediniospore germination and formation of infection structures. Twenty random images, 375 9 320 lm in size, covering 2.4 mm 2 leaf areas for each adaxial and abaxial surface of one phenotype (total of 4.8 mm 2 per phenotype) were captured for each post-inoculation time point between 6 and 120 hai per Eucalyptus species. Density of urediniospores on leaf specimens and percentages of urediniospore germination, appressorium formation and germ tube length (in three categories: <10, 10-100 and >100 lm) on the different rust response phenotypes were analysed using IMAGEJ (National Institute of Health). Fifteen nonrepetitive specimen slides, each containing 10-20 leaf sections, were produced from each resistant and susceptible phenotype of Eucalyptus species collected at 120 hai and between 8 and 10 dai (about three or four slides for each time point and a total of 30 slides per species) for histopathology. Micrographs generated from the histological observations were used to compare the mechanisms of penetration and colonization on Eucalyptus leaf tissues of rustsusceptible and -resistant phenotypes.
Results
Disease assessment and confirmation of phenotype
Disease assessment scores for the three repeated rust inoculations were identical (according to the rust scoring method) for all inoculated (resistant, hypersensitive and susceptible) seedlings with the exception of the known susceptible E. obliqua plants in the third round of inoculation. Also carborundum powder-dusted leaves on resistant phenotypes of both Eucalyptus species did not exhibit any symptoms of infection. Thus all original phenotypes were confirmed.
Germination of urediniospores and appressorium formation
SEM studies revealed that there were no differences in ontogeny and morphology of infection structures formed by A. psidii on rust-resistant, hypersensitive and susceptible phenotypes of either species. Germination of urediniospores started earlier than 6 hai resulting in 76.5-100% and 68.0-84.9% of urediniospores germinated at 24 hai on E. globulus and E. obliqua, respectively. At 48 hai, more than 70.0% of the germinated urediniospores had formed appressoria with germ tubes of variable length growing across different phenotypes of both Eucalyptus species. Long germ tubes (>100 lm; Fig. 1a ) were observed as early as 12 hai on both resistant and susceptible phenotypes of E. obliqua, while medium (10-100 lm; Fig. 1b ) and short germ tubes (<10 lm; Fig. 1c) were formed randomly over time after inoculation in all the phenotypes of both Eucalyptus species. The density of urediniospores on the plants with different rust response phenotypes was similar in both Eucalyptus species, but the number of urediniospores was higher on the adaxial (less stomatal aperture) than the abaxial leaf surfaces in all the phenotypes of E. globulus.
Host penetration
The growth of A. psidii germ tubes appeared to have no affinity towards stomata (Fig. 1d,e) in both E. globulus and E. obliqua, suggesting an unusual mechanism of direct penetration of the rust on the respective hosts, as previously reported (Hunt, 1968) . Formation of appressoria over the stomatal aperture was occasionally observed (Fig. 1f) , but these accounted for only a small proportion of the total appressorial penetrations. In both Eucalyptus species, penetration was typically directly through the leaf cuticle and epidermis via the formation of appressoria on either leaf surface. The use of quadruple stain in histological studies enabled visualization of rust infection structures and allowed differentiation of urediniospores and appressoria by differential staining (Fig. 2a) . On the rust-resistant phenotype of E. obliqua, no penetration by infection pegs through the leaf epidermis was observed and only loose attachment of appressoria (Fig. 2b,c) . In contrast, for the rust-susceptible phenotype, appressoria were firmly attached to the leaf surfaces and penetration occurred at 120 hai (Fig. 2d ,e, f). Serial leaf sections confirmed that, in E. obliqua rustresistant samples, penetration ceased at the cuticle and there was no extension of the infection peg in any direction underneath the cuticle. However, no urediniospores or appressoria were observed at 120 hai on any leaves of any phenotype of E. globulus. Anatomical differences were discovered between E. obliqua and E. globulus with the presence of crystalline-like structures, possibly lignins, cutins or similar structural compounds stained red by safranin, in leaf sections of E. obliqua (Fig. 3a,b) but not in E. globulus (Fig. 3c ).
Colonization and uredinia formation
Hyphal colonization (Fig. 3d) and formation of uredinial primordia (Fig. 3e) were observed at 8 dai within the leaves of rust-susceptible E. globulus. Further development of uredinia caused the leaf epidermis to rupture and uredinial sori to emerge on the leaf surfaces of E. globulus at 10 dai (Fig. 3f) . Sporulation by A. psidii was visible macroscopically at 8 dai on both adaxial and abaxial leaf surfaces of the rust-susceptible E. globulus plants and by 6 dai on the highly susceptible S. jambos control plants. However, no lesions were observed up to 14 dai on any of the previously known rust-susceptible E. obliqua plants after the third rust inoculation and further histological examination also found no hyphal colonization or formation of uredinia in the respective specimens. Deposits of the lignin-like structural compounds were also noticed to be higher in leaves collected from 12-month-old known susceptible E. obliqua plants (Fig. 3b) than in the younger (6-month-old) seedlings obtained from earlier sampling (Fig. 3a) . Plants were visually assessed again at 28 dai and no further infection symptoms had developed on the previously known rust-susceptible E. obliqua, confirming the shift of rust-susceptible to resistant phenotypes in this species.
Discussion
In line with results reported for Eucalyptus grandis (Xavier et al., 2001) , high levels of urediniospore germination and appressorium formation occurred in the first 24 hai on E. globulus and E. obliqua on both the rustresistant and susceptible phenotypes. Carborundum powder-dusted leaves were examined for a potential role of the leaf cuticle as a preformed barrier in the resistant phenotype, but no evidence of physical resistance to A. psidii was found in either Eucalyptus species. A more irregular surface topography was evident on the leaves of E. obliqua suggesting possible physical trapping of urediniospores and appressoria on the uneven leaf surfaces during sample preparation for microscopy, but no urediniospores and appressoria were detected at 120 hai in the histological examination of E. globulus.
The initial infection process by A. psidii involved direct penetration by infection pegs through the leaf cuticle and epidermal cell walls into the mesophyll and occurred before 120 hai (Fig. 4) . Non-stomatal penetration is unusual for dikaryotic rust spores (urediniospores) and has only been reported for a few rust fungi including P. pachyrhizi on soybean (Edwards & Bonde, 2011) and Physopella zeae on maize (Bonde et al., 1982) . This unusual mode of penetration and nonspecific induction of appressoria in the infection process of A. psidii may explain its broad host range. Hunt (1968) suggested that Figure 1 Scanning electron micrographs of infection structures formed by Austropuccinia psidii on Eucalyptus obliqua (a,d,e,f) and E. globulus (b,c). Germination of long (a), medium (b) and short (c) germ tubes on Eucalyptus leaves show no affinity for stomata (d,e) . Stomatal penetration following formation of an appressorium occasionally occurred (f). Us, urediniospore; Gt, germ tube; Ap, appressorium. Scale bars = 20 lm.
Plant Pathology (2019) 68, 547-556 the length of urediniospore germ tubes may be related to the mode of penetration, with germ tubes much shorter or even absent in direct or cuticle-penetrating rusts than in indirect or stomata-penetrating rusts. This assumption is consistent with direct penetrators being less specific about their penetration site selection than indirect penetrators, reducing the energy spent on exploratory germ tube growth (Adendorff & Rijkenberg, 2000) . The observed growth of germ tubes of variable lengths in random directions and the resulting reduced probability of germ tubes finding stomata has therefore been proposed to represent a nonhost interaction between Eucalyptus and A. psidii as similar observations have been made in other nonhost pathosystems (N€ urnberger & Lipka, 2005; Bettgenhaeuser et al., 2014) .
The host reaction to infection in Eucalyptus species ranged from completely resistant or fully immune (no visible disease symptoms) to intermediate resistance (hypersensitive response and formation of small uredinia) and highly susceptible (development of mature uredinia pustules); this may indicate a continuum of A. psidii infection outcomes in the nonhost interaction with Eucalyptus (Bettgenhaeuser et al., 2014) . Nonhost resistance is the most common form of plant defence mechanism that provides a plant species with broad-spectrum immunity to a vast majority of potential pathogens including bacteria, fungi and oomycetes. Mysore & Ryu (2004) classified nonhost resistance into two types: type I, which does not produce any visible symptoms, and type II, which results in a rapid hypersensitive response with localized cell death. A rust pathogen that is capable of parasitizing a plant species is known to be an adapted pathogen that can form all the necessary cellular components for colonization and successful reproduction. Previous studies reported the effectiveness of nonhost resistance against various rust pathogens and described the defence mechanisms possessed by rust-resistant plants/cultivars as ranging from prehaustorial (basic incompatibility, topographical interruption, degradation of infection structure and inhibition of haustorium formation) to posthaustorial resistance (hypersensitive reaction and inducible defence signalling; N€ urnberger & Lipka, 2005; Bettgenhaeuser et al., 2014) .
The absence of observable disease or any evidence of infection in previously known rust-susceptible plants of E. obliqua after the third rust inoculation is intriguing and has prompted speculation about early acquisition of adult plant resistance in this species (at about 12 months Figure 2 Light micrographs of the pathogenesis of Austropuccinia psidii at 120 h after inoculation in Eucalyptus obliqua. Germination of urediniospore and formation of appressorium (a) with no penetration (b) or penetration stopped after cuticle at the epidermis (c) in a rust-resistant phenotype. Penetration by infection peg (d,e) and firm attachment of appressorium (f) occurred on rust-susceptible phenotypes. Us, urediniospore; Ap, appressorium; Ip, infection peg. Scale bars = 20 lm.
Plant Pathology (2019) 68, 547-556 of age); this might be due to ontogenetic changes in leaf characteristics such as cuticle chemistry or physical structure, although E. obliqua leaves still look very juvenile at this stage. Adult plant resistance to A. psidii is not present in many of the Myrtaceae spp., with infection recorded on all life stages including seedlings, saplings, and mature overstorey rainforest trees (Pegg et al., 2014 (Pegg et al., , 2017 Carnegie et al., 2016; Carnegie & Pegg, 2018) . Early acquisition of adult plant resistance and transition of rust response phenotypes did not occur in E. globulus in the present study. Carnegie et al. (2016) reported significant changes in leaf phenology on highly susceptible Rhodamnia rubescens following repeated infection by A. psidii, but no morphological changes, apart from higher deposits of crystalline-like structures, were observed after abiotic or biotic stresses on the leaves of 12-month-old E. obliqua plants known to be susceptible.
Eucalyptus plants are heteroblastic with progressive vegetative phase change in leaf characteristics between juvenile and adult forms that give rise to marked differences in shape, size, colour, orientation, glaucousness, anatomy, physiology, chemistry and resistance to herbivores and pathogens (Johnson, 1926; James & Bell, 2001) . Previous studies revealed variation in susceptibility of Eucalyptus species to teratosphaeria leaf diseases as a result of heteroblastic transition (phase change from juvenile to adult leaves) in which both juvenile and adult foliage of over 50 species of Symphyomyrtus and Eucalyptus subgenera were found susceptible to Teratosphaeria cryptica, but only juvenile foliage of a restricted range of species in the series Viminales of Symphyomyrtus (closely allied with E. globulus) was infected by Teratosphaeria nubilosa (Carnegie et al., 1994 (Carnegie et al., , 1998 . S anchez M arquez et al. (2011) also found that juvenile leaves of E. globulus could be infected by a greater diversity of foliar fungal species and had a higher susceptibility to a wide range of pathogens and fungi than adult leaves; this was due to less effective or undeveloped mechanisms of general defence (nonspecific structural or biochemical defence mechanisms) against fungal invasion in juvenile leaves. Figure 3 Anatomical differences between leaves of Eucalyptus obliqua and E. globulus. Leaves of E. obliqua from 6-month-old (a) and12-month-old plants (b) have an irregular surface topography and crystalline-like structures in contrast to E. globulus (c). Leaves of the susceptible phenotype of E. globulus infected with Austropuccinia psidii showed colonization by hyphae (d) and formation of uredinial primordia at 8 days after inoculation (dai) (e) before emergence of fully developed uredinia containing urediniospores on leaf surfaces at 10 dai (f). OG, oil gland; VB, vascular bundle; PM, palisade mesophyll layer; Hy, hyphae; UP, uredinial primordium; Ud, uredinium. Scale bars = 50 lm.
Plant Pathology (2019) 68, 547-556
Despite the reported damaging effect of A. psidii on Australia's biodiversity, especially to key species such as R. rubescens (brush turpentine) and Rhodomyrtus psidioides (native guava) in natural ecosystems (Carnegie et al., 2016) , the early onset of adult plant resistance to A. psidii, as observed in E. obliqua, suggests that this invasive pathogen may have minimal effects on the sclerophyll forests dominated by native E. obliqua and Figure 4 The infection process of Austropuccinia psidii on Eucalyptus species showing different rust response phenotypes. Initial infection events, from urediniospore germination to appressorium formation, occur within the first 48 h after inoculation on all phenotypes. The infection process is stopped on resistant plants at the cuticle or epidermis, without further penetration. However, on the plants showing a hypersensitive response, the pathogen must penetrate the host prior to pathogen recognition by the host and localized cell death. On the susceptible plants, the pathogens are able to complete the infection cycle in 10 days or less by formation of all the necessary cellular components for colonization and successful reproduction.
related Eucalyptus species with early heteroblastic transition capability. Nevertheless, major ecological disturbances such as fire, insect pest outbreaks or clear-felling in natural forests and Eucalyptus plantations may result in regeneration of epicormic shoots or coppices and young seedlings that are very susceptible to A. psidii infection, as reported for new growth of Melaleuca quinquenervia (Rayachhetry et al., 1997) , R. rubescens and R. psidioides (Carnegie et al., 2016) . Therefore, precautionary steps are also recommended for effective disease management in Eucalyptus forests.
In conclusion, resistance to A. psidii in E. globulus and E. obliqua is most probably due to nonhost resistance involving prehaustorial and posthaustorial defence mechanisms. This finding significantly contributes to the understanding of general defence responses in Eucalyptus to rust, including possible early acquisition of adult plant resistance in E. obliqua against A. psidii, which might assist in the development of effective strategies for control of invasive rusts. Further investigations into foliar chemistry and gene expression responses to infection by A. psidii across Eucalyptus subgenera with resistant and susceptible phenotypes may provide further insights into the Eucalyptus-A. psidii pathosystem and identify potential drivers for the development of rust resistance.
